Myocardin-related transcription factors (MRTFs) play a central role in the regulation of actin expression and cytoskeletal dynamics. Stimuli that promote actin polymerization allow for shuttling of MRTFs to the nucleus where they activate serum response factor (SRF), a regulator of actin and other cytoskeletal protein genes. SRF is an essential regulator of skeletal muscle differentiation and numerous components of the muscle sarcomere, but the potential involvement of MRTFs in skeletal muscle development has not been examined. We explored the role of MRTFs in muscle development in vivo by generating mutant mice harboring a skeletal muscle-specific deletion of MRTF-B and a global deletion of MRTF-A. These double knockout (dKO) mice were able to form sarcomeres during embryogenesis. However, the sarcomeres were abnormally small and disorganized, causing skeletal muscle hypoplasia and perinatal lethality. Transcriptome analysis demonstrated dramatic dysregulation of actin genes in MRTF dKO mice, highlighting the importance of MRTFs in actin cycling and myofibrillogenesis. MRTFs were also shown to be necessary for the survival of skeletal myoblasts and for the efficient formation of intact myotubes. Our findings reveal a central role for MRTFs in sarcomere formation during skeletal muscle development and point to the potential involvement of these transcriptional co-activators in skeletal myopathies.
INTRODUCTION
Myocardin-related transcription factors A and B (MRTF-A and MRTF-B; also known as MKL1/MAL and MKL2) are crucial regulators of actin cycling and cytoskeletal dynamics (Olson and Nordheim, 2010) . These transcriptional co-activators function by binding to serum response factor (SRF), a versatile transcription factor belonging to the MADS-box family of transcription factors (Cen et al., 2003; Miano, 2003; Norman et al., 1988; Wang et al., 2002) . In turn, SRF acts as a central regulator of cytoskeletal gene expression, by binding its consensus sequence, known as the CArG box [CC(A/T) 6 GG], a motif frequently associated with genes involved in actin turnover and cytoskeletal dynamics (Posern and Treisman, 2006; Treisman, 1986 Treisman, , 1992 . SRF is required for the expression of cytoskeletal genes and for myogenic differentiation (Croissant et al., 1996; Wei et al., 1998) .
SRF is essential for mesoderm development during embryogenesis and the loss of SRF leads to embryonic lethality due to defects in gastrulation (Arsenian et al., 1998) . Skeletal muscle-specific deletion of SRF causes severe muscle hypoplasia. In these mutant mice, muscle fibers are present, but are unable to undergo hypertrophy, leading to perinatal lethality (Li et al., 2005b) . Furthermore, conditional deletion of SRF in adult mice using a tamoxifeninducible Cre recombinase leads to progressive loss of muscle mass and sarcopenia (Lahoute et al., 2008) .
Although the function of SRF in skeletal muscle development and maintenance has been studied extensively, less is known about the role of MRTFs in skeletal muscle development. MRTF-A and MRTF-B are ubiquitously expressed transcriptional co-activators that have been implicated in myogenic differentiation, based on siRNA knockdown studies in cultured muscle cells . Global deletion of MRTF-A does not affect viability or cause any overt disease phenotypes, apart from defects in mammary myoepithelial cell maintenance (Li et al., 2006; Sun et al., 2006) . By contrast, loss of MRTF-B causes embryonic lethality due to defects in branchial arch and neural crest development (Li et al., 2005a) . Neither MRTF-A nor MRTF-B null mice demonstrate any skeletal muscle pathology.
Myocardin-related transcription factors are upregulated during muscle injury and regeneration (Mokalled et al., 2012) . Another member of the MRTF family, MEF2 activating motif and SAP domain containing transcriptional regulator (MASTR), cooperates with MyoD (also known as MYOD1) to turn on the myogenic program during skeletal muscle regeneration (Creemers et al., 2006; Meadows et al., 2008) . MASTR and MRTF-A are required for skeletal muscle regeneration in adult mice. Indeed, global or satellite cell-specific genetic deletion of MASTR leads to impairment in skeletal muscle regeneration, which is augmented in MASTR; MRTF-A double-null animals (Mokalled et al., 2012) .
In addition to modulating SRF-dependent transcription, MRTFs influence actin cycling at the protein level, by acting as 'actin sensors' in the cytoplasm, through their ability to bind actin via their RPEL domains (Miralles et al., 2003) . Actin continuously cycles between two states in the cytoplasm: monomeric or globular (G) actin, and polymerized or filamentous (F) actin. When G-actin is in abundance in the cytoplasm, MRTFs are bound by monomeric actin and sequestered in the cytoplasm, preventing their translocation into the nucleus and activation of SRF-dependent genes encoding actin and other cytoskeletal components (Olson and Nordheim, 2010) . Thus, MRTFs can regulate actin cycling in the cell at both the transcriptional and post-translational levels. Several actin-binding proteins contribute to this dynamic turnover process to maintain the balance between F-and G-actin. Previously, we and others showed that the actin-binding protein leiomodin 3 (LMOD3) promotes the polymerization of actin in skeletal muscle and is required for muscle development Yuen et al., 2014) . The Lmod3 promoter contains a CArG box, and Lmod3 gene expression is strongly regulated by MRTFs. Furthermore, MRTF-A and -B levels were reduced in Lmod3 null mice, indicating that dysregulation of cellular actin dynamics can directly influence MRTF signaling .
To investigate further the potential roles of the MRTF/SRF pathway in muscle development, we generated mice lacking both MRTF-A and -B in skeletal muscle. The severe lethal phenotype of these mice reveals essential and redundant roles of MRTF-A and -B in the control of sarcomerogenesis and muscle cell survival and points to the potential involvement of MRTFs in various skeletal myopathies.
RESULTS

MRTF dKO mice fail to thrive and have defects in muscle development
In order to characterize the role of MRTFs in muscle development and function, we utilized previously generated mouse lines with a global deletion of MRTF-A and a floxed allele of MRTF-B (Li et al., 2006; Mokalled et al., 2010) . These mice were crossed with two skeletal muscle-specific Cre lines, myogenin-Cre (Cheng et al., 1993) and HSA-Cre (Miniou et al., 1999) , in order to generate mice harboring a deletion of MRTF-B in skeletal muscle in the background of a global deletion of MRTF-A (Fig. S1A) . Myogenin-Cre and HSA-Cre both display pan-myofiber-specific expression restricted to the skeletal muscle lineage beginning at embryonic days (E) 8 and 9, respectively. Mice with Cre deletion of (Fig. 1 , data shown for HdKO mice). Whole hindlimb tissue from E17.5 mice, which contained subcutaneous tissue and bone as well as muscle, was used for this analysis. By RT-qPCR analysis, the MRTF-A transcript was reduced by 80%. The presence of MRTF-A transcript in dKO muscle is expected based on the MRTF-A targeting strategy and is consistent with previously published reports (Costello et al., 2015; Li et al., 2006; McDonald et al., 2015) . The original targeting strategy for generating the MRTF-A null mice led to the splicing of exon 8 to exon 12 and production of a transcript with an in-frame fusion. This transcript translates into a nonfunctional truncated protein lacking the SRF binding domain (Li et al., 2006) . The partial reduction in MRTF-B mRNA was attributed to the mixed cellular content of the muscle tissue.
MRTF dKO mice were not born at Mendelian ratios, with a significantly lower number of dKO pups being observed compared with the expected numbers (Table 1) . Both HdKO and MdKO mice displayed perinatal lethality, with over 90% of the animals dying within a few hours of birth.
HdKO mice that survived to birth were able to move, but were smaller in size and had a relatively flaccid appearance compared with their healthy littermates ( Fig. 2A) . Among the six HdKO mice that were born, only one survived to postnatal day (P) 3 ( Fig. 2A,  right) . The remaining mice died at P1, their viability ranging between 1 and 12 h after birth.
The myogenin-Cre line displayed a more severe phenotype; none of the MdKO mice survived past P1. All animals that were born alive died within 12 h of birth. A subset of MdKO neonates was able to feed and breathe. However, the alveoli were smaller, indicating respiratory distress as a possible reason for mortality. Other MdKO mice that were discovered dead at P1 had no milk spots and their alveoli were not expanded (Fig. S1B ), suggesting that they were stillborn. In the HdKO line, fewer in utero deaths occurred compared with the MdKO, and only one dead pup was observed to have non-patent alveoli and no milk spot (Fig. S1B ). Together, these results pointed towards a more severe phenotype in the MdKO line compared with the HdKO line.
Skeletal muscle tissues were harvested from surviving and freshly dead MdKO and HdKO mice and histological analysis was performed. Severe skeletal muscle hypoplasia was observed in all muscle types examined ( ; MRTF-B flox/flox were also assessed for skeletal muscle defects. No skeletal muscle abnormalities were observed by conventional histology in these animals (Fig. S1C) .
The variability in time of lethality in dKO mice indicated the possibility of a difference in penetrance of the phenotype, with mice that have lower penetrance showing a higher likelihood of survival to birth. This would lead to an inherently biased selection of healthier mice when characterizing the phenotype. Therefore, we also evaluated mice at E10.5, E12.5, E15.5 and E17.5 to determine whether the dKO animals displayed the same defects in muscle development at earlier stages of development (Fig. 3) . Consistent with our findings in P1 mice, the dKO embryos also showed clear muscle defects with visibly thinner diaphragms and smaller myofibers ( Fig. 3B ), as early as E12.5. Myofiber membranes were visualized by wheat germ agglutinin staining ( Fig. 4A ) and the cross-sectional area of myofibers was measured. Quantification of these measurements showed reduction of myofiber size for all muscle groups that were analyzed (Fig. 4B ). Nuclei numbers per myofiber showed no significant change (Fig. S2 ).
MRTF dKO mice display severe sarcomere defects
To determine whether sarcomere integrity or organization was affected in the MRTF dKO mice, we performed transmission electron microscopy on E17.5 hindlimb tissue of both HdKO and MdKO animals (Fig. 5) . The sarcomeres observed in the HdKO and MdKO mice were sparse and smaller than normal. At higher magnification, the HdKO mice showed abnormal sarcomeres, with regions in the myofibers showing what appeared to be silhouettes of sarcomeres that did not mature correctly (Fig. 5 ). MdKO mice also ) and HdKO mice as measured by RT-qPCR. Experiments were performed in triplicate with three biological replicates for each genotype, and expression was normalized to 18S rRNA. All data are shown as mean±s.e.m. The two-tailed Mann-Whitney U test was used for pairwise comparisons between groups. ***P<0.001, ****P<0.0001.
showed this defect; although the general architecture of the sarcomere was present, the ultrastructural components of the organized thick and thin filaments, such as the A, I and M lines, were not distinctly visible. This indicates that although mice harboring the genetic deletion of MRTFs do not survive long enough to develop well-defined pathologies of the muscle, MRTFs are nevertheless required for the full development of the sarcomere in vivo.
Dysregulation of genes involved in actin cycling and cytoskeletal development in MRTF dKO mice
To understand the molecular mechanisms underlying the failure of MRTF dKO mice to thrive, we performed RNA-seq analysis on hindlimb muscle collected from E17.5 HdKO animals. A total of 148 genes were found to be dysregulated at the mRNA level (Fig. 6A) , with 111 genes downregulated and 37 upregulated (for a full list of these genes, refer to Table S2 ). Gene ontology (GO) analysis showed that pathways involved in cytoskeletal organization were highly dysregulated in the MRTF dKO mice ( Fig. 6B; Fig. S3B ). Many genes in these categories are known downstream targets of MRTF/SRF signaling (Esnault et al., 2014) . Targets from RNA-seq were validated by RT-qPCR analysis (Fig. 6D ).
Because the MRTF pathway functions through the binding of the MRTF/SRF complex to the CArG box motif, we investigated whether any of our RNA-seq hits were known transcriptional targets of MRTF/SRF. Previously, Esnault and colleagues identified MRTF/SRF target genes by ChIP-seq analysis in cultured fibroblasts, which include but are not limited to actin filament genes, genes involved in cellular motility and adhesion, ) and dKO embryos shows a reduction in myofiber size in the dKO tissue. (B) H&E staining of WT and MRTF dKO diaphragm at E12.5, E15.5, E17.5 and P1 shows myofiber hypotrophy at all ages that becomes more pronounced with age. DA, diaphragm; HRT, heart; LV, liver. Scale bars: 40 μm. and transcriptional machinery regulators (Esnault et al., 2014) . Comparison of our hits from RNA-seq with these MRTF ChIPseq datasets revealed that the overlapping targets mainly included actin cycling-associated genes (Fig. S3C) , providing additional evidence that the deletion of MRTFs in vivo disrupts the actin-dependent transcriptional circuit required for muscle development. This is substantiated by the observation of a decrease in the mRNA expression of Lmod3, which encodes a known actin-binding protein that is a target of MRTFs (Fig. 6D) .
MRTF dKO myoblasts have reduced survival and defects in myotube formation
To investigate further the mechanistic basis of the muscle pathology observed in the dKO mice, we isolated primary myoblasts from Cre-negative MRTF-A −/− ; MRTF-B flox/flox embryos at E17.5, as previously described (Millay et al., 2013) . Cre recombinase was introduced by adenoviral infection to delete MRTF-B in the cells and efficiency of recombination was confirmed by genotyping for the MRTF-B floxed and null alleles (Fig. 7A) . Immunocytochemistry with an antibody against phospho-histone H3, a marker of mitosis, demonstrated a marked decrease in the proliferation of dKO myoblasts compared with MRTF-A −/− ; MRTF-B flox/flox (referred to as control) myoblasts (Fig. 7B,C) . Furthermore, there was an increase in the apoptosis marker cleaved caspase 3 (Fig. 7D) , indicating an overall decrease in survival of the dKO cells. Upon induction of differentiation, dKO myofibers were observed to form myotubes, as shown by fast myosin (MY-32) staining (Fig. 7D) . However, these myotubes were shorter, thinner and more disorganized compared with their control counterparts (Fig. 7D) . Interestingly, the myotubes positive for cleaved caspase 3 did not display or were weakly positive for MY-32 staining and did not fuse with other MY-32-positive cells (Fig. 7D, arrowheads) . In summary, these results demonstrate that MRTFs are necessary for myoblast survival and myotube formation in vitro.
DISCUSSION
In the present study, we demonstrate that MRTFs are necessary for skeletal muscle development in vivo and in vitro. The absence of MRTF-A and -B in skeletal muscle results in perinatal death accompanied by small myofibers and incomplete sarcomere formation. These results highlight the importance of the MRTF/ SRF pathway as a central regulator of several muscle-specific genes Garg et al., 2014; Kuwahara et al., 2007; Meadows et al., 2008) .
The contractile function of skeletal muscle relies on a large collection of contractile proteins and regulators of actin dynamics. Not only do MRTFs regulate a majority of the genes encoding these proteins, they also associate directly with monomeric G-actin to influence actin cycling (Olson and Nordheim, 2010) . When bound to G-actin, MRTFs are prevented from associating with SRF, whereas in the unbound state they associate with SRF to drive expression of actin and sarcomeric proteins. Thus, the MRTF/SRF axis has a direct impact on the structural integrity of the components of the sarcomere. Moreover, these muscle-specific genes thought to Comparisons between groups were conducted using the unpaired t-test; twotailed P-values are shown. **P<0.01, ****P<0.0001. CSA, cross-sectional area. signal through MRTF/SRF are important regulators of actin cycling. In the case of the muscle-specific protein LMOD3, MRTF regulates actin turnover by binding actin directly . Other MRTF targets, such as MASTR, contribute to myogenesis by recruiting myogenic transcription factors, such as MyoD (Meadows et al., 2008) . ) and MRTF dKO mice at E17.5. (B,C) Gene ontology analysis (B) and ingenuity pathway analysis (IPA) (C) of differentially expressed genes identified top pathways involved in cytoskeletal development and actin cycling. (D) RT-qPCR analysis was performed on E17.5 hindlimb HdKO and WT muscle tissue to validate selected RNA-seq hits and selected MRTF/SRF target genes. Experiments were performed in triplicate with three biological replicates and expression was normalized to 18S rRNA. All data are shown as mean±s.e.m. The Kruskal-Wallis test was used for multiple comparisons, followed by Dunn's post-test for pairwise comparisons. ***P<0.001, ****P<0.0001.
We have recently shown that MRTFs are also required for the development and maintenance of cardiac muscle (Mokalled et al., 2015) . Deletion of MRTF-A and -B in the heart led to postnatal lethality due to sarcomere disarray in the heart. Interestingly, the cardiac MRTF dKO mice demonstrated better survival than mice with skeletal muscle MRTF deletion: 75% of the mice died within the first 2 weeks of birth. This improved survival can possibly be attributed to compensation by myocardin, another member of the MRTF transcription factor family, which is required for cardiac development (Huang et al., 2009; Wang et al., 2001 ). Myocardin expression is restricted to the heart, and it is considered to be one of the primary regulators of SRF activity (Wang et al., 2001) . There is no skeletal muscle-specific equivalent of myocardin, thus leading to a more severe phenotype in the muscle-specific MRTF dKO. Regardless, variability in phenotype penetrance and time of lethality was observed, which could be attributed to the mixed background of the MRTF dKO mice.
The MRTF/SRF axis is not only crucial for skeletal muscle and cardiac development, but also important for several other biological processes, such as the development of the hematopoietic system (Costello et al., 2015) , thymocyte development (Costello et al., 2010; Mylona et al., 2011) , glucose and lipid metabolism (McDonald et al., 2015; Sward et al., 2016) , and neuronal development and motility (Kalita et al., 2012; Knoll, 2010) .
The myogenic regulatory factors (MRFs) MYF5, MyoD, myogenin and MRF4 (MYF6) function as master regulators of myofibrillogenesis (reviewed by Berkes and Tapscott, 2005; Sweetman, 2012) and are also known to act as co-activators of SRF (Puri and Sartorelli, 2000) . Genetic deletions of Mrf4, MyoD or Myf5 alone do not produce overt defects in sarcomere formation in mice Rawls et al., 1998; Rudnicki et al., 1992) , whereas genetic deletion of myogenin causes perinatal lethality due to a complete lack of myoblast fusion and myofiber formation (Hasty et al., 1993; Nabeshima et al., 1993) . MyoD has also been shown to associate directly with SRF and to serve as a co-activator of SRF-dependent muscle genes (L'Honore et al., 2003) . Interestingly, the MRTF dKO phenotype is more severe than the phenotypes of mice with single deletions of MyoD, Myf5 or Mrf4. The MTRF dKO phenotype is instead similar to that of the SRF deletion, indicating a central role for the SRF/MRTF axis in muscle development (Li et al., 2005b) .
The RNA-seq analysis of MRTF dKO muscle revealed extreme dysregulation of genes involved in sarcomere formation and function. Not only were genes coding for actins and myosins downregulated in these animals, but also other components of the cytoskeletal machinery, as well as direct transcriptional targets of MRTF/SRF and several members of the Rho GTPase family, were found to be downregulated. Rho GTPases are effector proteins of cell motility signaling, which promote actin polymerization by activating several pathways including the ROCK-LiM-cofilin pathway (Cotton and Claing, 2009; Jaffe and Hall, 2005) . Finally, the dysregulation of genes encoding proteins involved in cell-cell junctions, such as junctophilins and dysferlin, indicate that loss of MRTFs not only disrupts cell motility, but also intercellular interactions.
Myoblasts lacking MRTF-A and -B showed impaired proliferation and an increase in apoptosis, indicating that MRTFs are necessary for survival of muscle cells. The differentiation and fusion of myoblasts into functional myotubes, which is necessary for the formation of functional myofibers, was not completely blocked by the loss of MRTFs. In dKO myoblasts, we observed no change in expression of myomaker (TMEM8C), a key trigger for myoblast fusion (Millay et al., 2013) . However, MRTF dKO myotubes were structurally impaired, demonstrating a marked decrease in myotube size and disorganization of existing myotubes. This was partially attributable to the decrease in survival, as the cells undergoing apoptosis were unable to contribute to myotube formation. In addition, given our prior demonstration of the importance of sarcomere components for myotube elongation and growth (Johnson et al., 2013) , we speculate that dysregulation of these types of SRF targets in MRTF dKO myoblasts disrupts the formation of multinucleated myotubes.
Several pathologies of skeletal muscle, including severe congenital myopathies such as nemaline myopathy, are characterized by sarcomeric disarray caused by abnormalities in actin regulation (de Rezende Pinto et al., 2015; Romero et al., 2013) . Interestingly, unlike the genetic deletion of MRTF/SRF targets, such as LMOD3, loss of MRTFs in skeletal muscle did not cause nemaline myopathy. This suggests that although MRTF/SRF target genes play a greater role in sarcomere maintenance and disease states, the MRTF/SRF signaling cascade itself has a more fundamental role in maintaining cytoskeletal architecture, and therefore directly impacts development. Given the evidence that MRTFs are required for the hypertrophy of skeletal muscle during development (Collard et al., 2014; Lamon et al., 2009; Mokalled et al., 2012) , it would be interesting to investigate whether the in vivo overexpression of MRTFs can rescue diseases with degenerative and skeletal muscle atrophy phenotypes. Overall, our findings provide further insight into the mechanistic basis of muscle development and identify MRTFs as potential therapeutic targets for skeletal muscle diseases associated with muscle wasting and hypoplasia.
MATERIALS AND METHODS
Generation of mouse lines
MRTF-A
−/− and MRTF-B flox/flox were previously generated as described (Li et al., 2005a; Mokalled et al., 2010) and crossed to myogenin and HSA-Cre animals in order to obtain dKO animals. As female MRTF-A null mice do not lactate, the breeding required the use of MRTF-A 
Histology and immunohistochemistry
All tissues were fixed in 4% paraformaldehyde, followed by paraffin embedding and sectioning, followed by routine Hematoxylin and Eosin (H&E) staining as previously described . Wheat germ agglutinin (WGA) and DAPI staining was performed using Alexa Fluor 555-conjugated WGA (Molecular Probes, W32464) as described previously (Liu et al., 2011) . Imaging of H&E-stained slides and immunostained slides was carried out on a Leica DM2000 upright microscope. Myofiber sizes were calculated using ImageJ software (NIH) for area threshold and particle analysis.
Electron microscopy analysis
For electron microscopy analysis, samples were prepared for electron microscopy as previously described , and images were acquired using a FEI Tecnai G2 Spirit electron microscope equipped with an LaB 6 source Gatan CCD camera and operated at 120 kV.
RNA extraction and RT-qPCR analysis
Total RNA was extracted from animal tissue using the TRIzol reagent (Thermo Fisher Scientific), as per manufacturer's instructions. RT-qPCR analysis for validation of MRTF-A and MRTF-B takeout was performed as previously described (Mokalled et al., 2015) . Validation of RNA-seq hits was performed using TaqMan probes (for a full list of probes, see Table S1 ). See supplementary Materials and Methods for further details.
RNA-seq analysis of MRTF dKO tissue E17.5 embryos were dissected and hindlimb muscle was removed by separating the muscle and connective tissue of the de-skinned limb from the bone, followed by snap freezing of the tissue with liquid nitrogen. The frozen tissue was thawed in TRIzol reagent, and hand-homogenized by mini-pestle, followed by homogenization with a 20G needle. Following chloroform extraction, samples were loaded on phase-lock gel tubes (Eppendorf, Heavy 2.0 ml) and centrifuged. The supernatant from this extraction was used for RNA extraction using the RNeasy Mini Kit (Qiagen) as per manufacturer's instructions. RNA quality was verified by the Agilent 2100 Bioanalyzer and RNA-seq was performed using Illumina HiSeq 2500 by the UT Southwestern Medical Center Genomics and Microarray Core Facility. Data analysis was performed by the UT Southwestern Department of Clinical Sciences. For detailed information on the bioinformatic analysis of RNA-seq data, refer to the supplementary Materials and Methods.
Isolation and culturing of primary embryonic myoblasts
Myoblasts were isolated from MRTF-A −/− ; MRTF-B flox/flox females bred to males of the same genotype, at E17.5, as previously described (Millay et al., 2013) . Following enrichment for myoblasts, experiments were performed using pure myoblast populations plated on laminin-coated cell culture dishes. MRTF-B was deleted by infecting cells with a pre-packaged adenoviral Cre recombinase (CMV-iCre, Vector Biolabs); control cells were concurrently infected with a null adenovirus counterpart (CMV-null Vector Biolabs). Following titration of adenoviral particles in order to determine the optimal multiplicity of infection (MOI), experiments were conducted following 48 h of infection at a MOI of 100.
Immunocytochemistry
Primary myoblasts were cultured in growth media (Ham's F-10, 20% fetal bovine serum, 1% penicillin-streptomycin) for 48 h after infection with adenoviruses. Following this, cells were either fixed with 4% paraformaldehyde and stained with an antibody against phospho-histone H3 (Ser10; 06-570, Millipore), or differentiation was induced by serum starvation (Dulbecco's modified Eagle medium, 2% horse serum). Induced cells were allowed to differentiate for 48 h, after which they were fixed and stained with MY-32 (Sigma) and cleaved caspase 3 (Cell Signaling). All antibodies were used at 1:100 and immunofluorescence staining was performed as previously described (Kutluk Cenik et al., 2013; Millay et al., 2013) . Cells in 35 mm tissue culture dishes were visualized on a Leica DM2000 upright epifluorescent microscope and a Zeiss LSM780 upright confocal microscope.
Statistics
All data are presented as the mean value or percentage change±s.e.m. Comparisons between two datasets were made using the Mann-Whitney U test for nonparametric datasets and the two-tailed Student's t-test for parametric datasets. The Kruskal-Wallis test was used for non-parametric analysis of multiple groups, and Dunn's post-test was used for pairwise comparisons. A P-value of less than 0.05 was considered statistically significant. Statistical significance is indicated as follows: *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
Data availability
RNA-seq data are available at Gene Expression Omnibus under accession number GSE84063 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE84063).
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